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Abstract  
 
The past few years have witnessed unprecedented rapid improvement of the performance of 
a new class of photovoltaics based on halide perovskites. This progress has been achieved 
even though there is no generally accepted mechanism of the operation of these solar cells. 
Here we present a model based on bistable amphoteric native defects that accounts for all 
key characteristics of these photovoltaics and explains many idiosyncratic properties of 
halide perovskites. We show that a transformation between donor-like and acceptor-like 
configurations leads to a resonant interaction between amphoteric defects and free charge 
carriers. This interaction, combined with the charge transfer from the perovskite to the 
electron and hole transporting layers results in the formation of a dynamic n-i-p junction 
whose photovoltaic parameters are determined by the perovskite absorber. The model 
provides a unified explanation for the outstanding properties of the perovskite photovoltaics, 
including hysteresis of J-V characteristics and ultraviolet light-induced degradation.  
 
 
 
 
Solar cells based on Hybrid Organic-Inorganic Perovskites (HOIP) were first reported less than 
ten years ago.  Although initially a solar power conversion efficiency of 3.9%1 was reported, 
subsequent research led to a several-fold improvement2,3. These new developments generated 
2 
 
enormous interest and initiated an unprecedented rise in research on HOIPs, both for photovoltaic 
and light emitting device applications. For solar cell applications it has led to record power 
conversion efficiency of more than 22%4. These spectacular improvements resulted from the 
painstaking experimentation of numerous research groups worldwide. Despite these rapid 
experimental developments, there is still no commonly accepted physical model that accounts for 
the outstanding properties of the HOIPs and explains the mechanism of perovskite solar cell 
operation. The progress in the understanding of various aspects of perovskite materials and 
perovskite-based PVs has been, at different stages, reviewed thoroughly in several publications5-
10.  
It is now commonly recognized that the extraordinary properties of halide perovskites as 
photovoltaic materials result from their unique defect properties. First-principles calculations have 
been performed to describe the nature of native point defects in HOIPs, leading to varying 
descriptions of the defect physics11-13. However, a commonly accepted experimental fact remains 
that the synthesized HOIP materials lack non-radiative trap states that can result from certain types 
of point defects. A widely used explanation for this property is the concept of “defect tolerance” 
wherein the dangling bond states caused by simple vacancies produce charge transition states 
which are very close to the band edges14,15. In the case of MAPbI3, the iodine vacancy donor 
(VI) has a (+/0) charge transition state close to the conduction band edge (CBE) and the lead 
vacancy (VPb) and MA vacancy (VMA) acceptors have their (0/-) charge transition states close to 
the valence band edge (VBE). This unique feature of perovskites suggests that any dangling bond-
like defect or associated defect complexes will have transition states close to the band edges.  
In this paper, we propose a model of the operation of HOIP photovoltaic devices that provides an 
explanation for the various operational phenomena noted in them. It is based on the concept of 
amphoteric native defects, i.e., defects whose formation energy as well as their nature (donor or 
acceptor) depend on the location of the Fermi energy. Originally the concept of amphoteric defects 
was introduced to explain effects of native (or intrinsic) defects on the properties of semiconductor 
materials including the pinning of the Fermi energy on semiconductor surfaces, formation of 
Schottky barriers and limitations on the effective doping and stabilization of the Fermi energy in 
heavily defective semiconductors16-18. More recently the concept of amphoteric native defects has 
been used to devise methods to control defect incorporation in compound semiconductors19. 
The key feature of amphoteric defects is the concept of the Fermi level stabilization energy (EFS) 
that is universally located at about 4.9 eV below the vacuum level for all semiconductors20.  The 
origin of the constant value of the EFS on the absolute energy scale has been attributed to the 
material independent location of the charge transition states of highly localized dangling bond like 
defects20,21. Most typically the dangling bonds are represented by simple vacancies although it has 
been shown that they can form by hydrogen interstitials attaching themselves to either anion or 
cation sites of compound semiconductors22.   
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Bistable Amphoteric Native Defects 
In the following, we consider a simple amphoteric defect system with the (+/0) donor charge 
transition state close to the CBE and (0/-) acceptor charge transition state close to the VBE as in 
CH3NH3PbI3. The schematic formation energy diagram for the defect is shown in Fig. 1 (a). It 
should be emphasized that the donor and acceptor in Fig. 1 (a) are two different stable 
configurations of the same defect. The transition between donor and acceptor-like configuration is 
associated with the defect site relaxation. The process is illustrated in Fig. 1(b) that shows a 
configuration diagram of the energy of an amphoteric defect in the neutral state (black line). Such 
a diagram is a standard way of representing the energy of a defect undergoing structural 
reconstruction. The configuration coordinate represents the combined movement of atoms 
participating in a local lattice reconstruction. This could be a breathing mode of all atoms 
surrounding the defect, a symmetry breaking movement of the nearest neighbors20,21 or movement 
of H-interstitial from forming a bond with the cation or anion atom22. Here we assume that, as is 
shown in Fig. 1(b), the energy of the neutral state of the amphoteric defect has two minima one 
corresponding to the acceptor-like (RA) and the other to the donor-like (RD) configuration. The 
energy barrier, EB, between the minima determines the minimum temperature for reaching the 
equilibrium distribution between the neutral defects in donor-like and acceptor-like configurations. 
At this point, it is important to highlight the unique features of the considered physical system. As 
is shown in Fig. 1 (c), it consists of two interacting subsystems; a semiconductor with a direct band 
gap, Eg and the system of bistable amphoteric native defects (BANDs). In the ground state, the 
semiconductor is in a neutral or insulating state with no electrons in the conduction band and no 
holes in the valence band. The excited state is produced when an electron is transferred from the 
valence to the conduction band producing an electron (𝑒𝑃𝑉𝑆𝐾) and hole (ℎ𝑃𝑉𝑆𝐾) pair. This is the 
case of a positive energy band gap. The BAND subsystem shows the opposite behavior; it consists 
of electronic states that are positively or negatively charged when the subsystem is in the ground 
state. An excitation transfers the defects into the neutral state, which is the excited state of the 
BAND subsystem. Thus, it can be argued that the BANDs behave as a subsystem with a “negative” 
gap. This unusual property is a direct consequence of the negative U behavior of the BANDs in 
the acceptor-like configuration21. The two subsystems can exchange energy facilitating migration 
of an excitation. A critically important feature of those two interacting subsystems is that the 
BANDs serve as a channel to transfer electrons (holes) in the conduction (valence) band into holes 
(electrons) in the valence (conduction) band in the following reversible process, 
    𝑒𝑃𝑉𝑆𝐾 +  𝐷
+ ↔ 𝐷0     (1a) 
    𝐷0 ⇔ 𝐴0      (1b) 
    𝐴0 ↔ 𝐴− + ℎ𝑃𝑉𝑆𝐾      (1c) 
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In this set of reactions, schematically illustrated in Fig. 1(c) an electron (hole) in the conduction 
(valence) band has been replaced by a hole (electron) in the valence (conduction) band and one of 
the positively charged BAND donors (acceptors) has been transformed into a negatively 
(positively) charged acceptor (donor). Note that apart from the reaction (1b) the other two reactions 
involve trapping and de-trapping of free charges by defects in the donor and/or acceptor 
configuration. The reaction (1b) represents (shown in Fig. 1(b)) transformation of a neutral BAND 
between two stable defect configurations. The key consequence of this chain of reactions is that it 
creates a balance between electron and hole concentration. As will be shown in a forthcoming 
paper this has profound consequences for light emission and balanced charge transport in 
perovskites. 
 
 
Figure 1 (a) Fermi energy dependence of the amphoteric defect formation energy in different charge states. (b) 
Configurational diagram of the defect formation energy.  A neutral defect can transform between donor-like (RD) and 
acceptor-like (RA) configuration by surmounting the barrier, EB. (c) Resonant energy transfer from photoexcited 
electron (e-) hole (h+) pair (left panel) into positively charged donor ( ), negatively charged acceptor ( ) resulting 
in formation of a neutral defect in donor ( ) (reaction 1a) and acceptor ( ) (reaction 1c) configuration. The balance 
between donor-like and acceptor-like defect configurations is maintained by reaction 1b (middle panel). After 
switching off the light, the energy stored by neutral defects is transferred back to free electrons and holes that 
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recombine restoring the system to the ground state with equal concentrations of positively charged donors and 
negatively charged acceptors (right panel). 
To infer the effects of free charge carriers on the BANDs, we note that, as is shown in Fig. 1(a), 
the formation energy and the defect concentrations in donor and acceptor configurations depend 
on the Fermi energy and thus also on the charge carrier concentrations. The derivation shown in 
the Supplemental Information (SI) section yields the following expressions, for the concentration 
of the BANDs in the donor, 𝑁𝐷 and acceptor, 𝑁𝐴 configuration, 
𝑁𝐷 =
𝑁𝑑𝐴𝑁𝑐𝑝
2
𝐴𝑁𝑐𝑝2+𝑁𝑣𝑛𝑖
2     (2) 
     𝑁𝐴 =
𝑁𝑑𝑁𝑣𝑛
2
𝑁𝑣𝑛2+𝐴𝑁𝑐𝑛𝑖
2     (3) 
Where 𝑁𝑑 is the BANDs concentration, 𝑁𝑐(𝑁𝑣) is the density of states in the conduction (valence) 
band, 𝑛𝑖
2 = 𝑁𝑐𝑁𝑣𝑒𝑥𝑝 (−
𝐸𝑔
𝑘𝑇
), 𝐸𝑔  is the band gap of the material, 𝑛 (𝑝) is the electron (hole) 
concentration in the conduction (valence) band and, 
      𝐴 = 𝑒𝑥𝑝 (
𝐸𝐴0−𝐸𝐷0
𝑘𝑇
)                                                    (4) 
Equations (2) and (3) are important for the understanding of many properties of halide perovskite 
materials, as they show that the concentration of BANDs in the donor (acceptor) configuration is 
directly related to the concentration of free holes (electrons) in the valence (conduction) band.   
  
Hybrid Organic-Inorganic Perovskite Solar Cell Operation  
In the preceding discussion, we have considered a bulk halide perovskite material with a specific 
concentration of BANDs. In the case of vacancies, the equilibrium bulk concentration of the 
defects depends on crystal non-stoichiometry and the Fermi energy. It can also be affected by the 
presence of extended defects, e.g. crystalline grain boundaries. Obviously, the concentration of 
defects can be significantly higher close to external surfaces and interfaces with other materials 
where the stoichiometry can be affected by chemical reactions and changes in the Fermi energy 
resulting from charge transfer23-25. 
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Figure 2 (a) Typical PVSC structure with a TiO2 ETL and Spiro:OMeTAD HTL with higher defect concentrations at 
the interfaces marked by the shaded areas. The Fermi level stabilization energy EFS is represented by red line. (b) 
Electron transfer induced defect transformation and formation of n-type perovskite region adjacent to ETL. Electrons 
photoexcited to the perovskite conduction band (reaction 5a) transfer to lower energy CBE of ETL (5b) whereas the 
photoexcited holes that accumulate at the interface with ETL neutralize negatively charged BAND acceptors (5c) 
creating an excess of neutral BANDs in the acceptor configuration. The neutral acceptors relax into neutral donor 
configuration (5d). The donors become positively charged by transferring electrons to the ETL (5e) and (5f). 
Consequently, all the BANDs close to the interface assume the donor configuration and transfer electrons to the ETL 
leading to the formation of a positively charged depletion layer in the perovskite balanced by the negative charge of 
electrons accumulated at the ETL/perovskite interface.  Thus, the layer adjacent to the ETL is becoming n-type with 
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the perovskite CBE located close the Fermi energy, schematically shown in Fig. 2(b). Analogous arguments, with 
electrons (holes) replaced by holes (electrons) and donors (acceptors) by acceptors (donors), apply to hole transfer 
and formation of the p-type layer on the HTL side. (c) Illustration of the dynamic n-i-p junction with n-type (p-type) 
region formed by the light induced electron (hole) transfer. The interfacial regions are equivalent to optically charged 
capacitors.    
In a standard perovskite solar cell (PVSC) the absorber (MAPbI3) is cladded with charge selective 
contact layers; an electron transport layer (ETL) on one side and a hole transport layer (HTL) on 
the other26,27. Figure 2(a) shows a typical PVSC configuration with TiO2 as ETL and 
Spiro:OMeTAD as HTL. It should be noted that a number of materials including TiO2
3, ZnO28, 
SnO2
29 and PCBM30 have been shown to work as ETLs, and an even larger variety of materials 
including Spiro:OMeTAD2, PTAA31, CuSCN32,33, CuI34 and carbon35 have been used as HTLs.  
A striking characteristic of a PVSC is that device structures utilizing ETLs and HTLs with different 
locations of the CBE and the VBE energies tend to produce similar, close to or larger than 1 eV, 
open circuit voltages (Voc’s), strongly indicating that the Voc is determined by the band gap of the 
perovskite absorber (Eg = 1.55 eV) rather than the Fermi level difference between ETL and HTL
7. 
This, however, is inconsistent with the fact that the perovskite absorber is an undoped insulator 
with the Fermi energy in the band gap36. There is no obvious way to address this conundrum. Here 
we show that the bistability and amphoteric behavior of BANDs allow construction of a simple 
model of the PVSC’s operation.  
As has been discussed in the preceding section, in the absence of any surface or interfacial 
interactions, BANDs stabilize the Fermi energy at EFS in the gap of the perovskite layer. However, 
the situation changes when the perovskite is in contact with materials that can accept either 
electrons from the CBE or holes from the VBE of the perovskite layer. Consider first the case of 
the planar MAPbI3/TiO2 interface shown in Fig 2(a). Typically, undoped TiO2 is a slightly n-type 
semiconductor with the Fermi level close to the CBE. Also, since, as in other semiconductors, the 
surface of TiO2 is pinned in the gap there is no significant charge transfer between TiO2 and the 
insulating perovskite in the dark.   
In contrast, under illumination free charges can transfer between perovskite and the ETL. The 
process is illustrated in Fig 2 (b) and represented by the set of reactions: 
 Light on   ℎ𝜈 ⟶ 𝑒𝑃𝑉𝑆𝐾 + ℎ𝑃𝑉𝑆𝐾     (5a) 
     𝑒𝑃𝑉𝑆𝐾 ⟶ 𝑒𝐸𝑇𝐿      (5b) 
     ℎ𝑃𝑉𝑆𝐾 + 𝐴
− ⟶ 𝐴0     (5c) 
     𝐴0 ⇒ 𝐷0      (5d) 
     𝐷0 ⟶ 𝐷+ + 𝑒𝑃𝑉𝑆𝐾     (5e) 
     𝑒𝑃𝑉𝑆𝐾 ⟶ 𝑒𝐸𝑇𝐿      (5f) 
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The key difference between the reactions 1a to 1c and reactions 5a to 5f is that the former reactions 
describe a reversible defect transformation as represented by reaction 1b, whereas, the latter 
describes an irreversible defect transformation from an acceptor to a donor configuration (5d) 
driven by excess holes in the valence band accumulating at the perovskite/ETL interface. The 
formation of the n-type layer in the perovskite is associated with the absorption of photons (5a) 
whose energy is stored by the electrons in the conduction band of the ETL (5f).   
The discussed mechanism of the charge transfer induced formation of n-type perovskite layer is a 
dynamic process that depends on a variety of parameters such as band offsets, total defect 
concentration as well as recombination and charge transfer rates for electrons and holes Thus, in 
the notation of Fig. 2(b) the formation of the n-type perovskite interface region requires that the 
electron transfer rate from the perovskite to the ETL, kt, and the transfer rate between donor and 
acceptor configurations of neutral BANDs are not much slower than the rate of bimolecular 
recombination kbm and the rate of interlayer recombination kR of electrons in the ETL with holes 
in the perovskite.  
The process of electron transfer to the ETL slows down when the perovskite CBE approaches the 
Fermi energy in the ETL, and an increasingly smaller fraction of electrons is transferred to the 
ETL. The downward movement of the perovskite CBE towards the Fermi energy leads to a higher 
electron concentration and a higher concentration of neutral BANDs. Eventually, the process stops 
when the concentration of electrons in the perovskite CBE becomes equal to the concentration of 
electrons transferred to the ETL. This condition defines the location of the Fermi energy in the 
perovskite next to the interface with the ETL. Further away from the interface where there is no 
charge transfer, the perovskite recovers its bulk properties where BANDs in donor and acceptor 
configurations form with comparable rates resulting in a compensated material.   
In order to estimate the minimum location of the CBE relative to the Fermi energy in the “n-type” 
perovskite interfacial layer we assume that in the n-type ETL the Fermi energy, EF is located close 
to the CBE, (EETL), and that the total concentration of BANDs in the perovskite layer adjacent to 
the ETL equals Nd. The charge transfer between the perovskite and the ETL is controlled by the 
energy difference Δ = Ec - EF, where Ec is the perovskite CBE energy. Note that the energy 
difference Δ is changing with the distance from the interface and is decreasing with increasing 
thickness of the depletion layer. At any distance from the interface, the concentration of charge 
transferred from perovskite to the ETL is given by, 
  𝑛𝑡 = 𝑁𝑑[1 − exp (−
∆
𝑘𝑇
)]      (6) 
whereas the concentration of electrons in the conduction band is equal to, 
  𝑛 = 𝑁𝐶𝑒𝑥𝑝 (−
𝐸𝑐−𝐸𝐹
𝑘𝑇
) = 𝑁𝐶𝑒𝑥𝑝 (−
∆
𝑘𝑇
)    (7) 
The charge transfer induced shift of the perovskite CBE stops when 𝑛 = 𝑛𝑡 or 
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  ∆ = 𝐸𝑐 − 𝐸𝐹 = 𝑘𝑇𝑙𝑛(
𝑁𝑑+𝑁𝐶
𝑁𝑑
)                (8) 
It is seen from Eq. 8 that the minimum location of the perovskite CBE relative to 𝐸𝐹 depends on 
the ratio of the total concentration of BANDs, 𝑁𝑑  and the conduction band density of states, 𝑁𝐶 .  
Thus for 𝑁𝑑 ≫ 𝑁𝐶, the layer adjacent to the ETL behaves as an n-type semiconductor with 𝐸𝑐 ≈ 
𝐸𝐹 whereas for 𝑁𝑑 ≪ 𝑁𝐶 the value of ∆ is large meaning that there is no shift of the 𝐸𝑐 towards 
𝐸𝐹. These considerations strongly emphasize the importance of a large enough concentration of 
BANDs in the layer adjacent to the interface with ETL. Thus, for the MAPbI3 with the conduction 
band effective mass of 𝑚∗ = 0.2𝑚0
10 and the density of states 𝑁𝐶 = 2𝑥10
18 𝑐𝑚−3 the CBE is 
closely pinned to the Fermi energy for the defect concentration 𝑁𝑑 > 10
18 𝑐𝑚−3.  
Similarly, the above considerations apply to the charge transfer between perovskite layer and an 
HTL. In this case, holes from BANDs in the neutral acceptor configuration are transferred to higher 
located VBE of the HTL creating a depletion region in the perovskite layer next to the HTL where 
all BANDs become acceptors. Consequently, the layer adjacent to HTL acquires properties of a p-
type material with the perovskite VBE pinned to the Fermi energy.  
To evaluate the effect of charge transfer and the formation of the n-type and p-type layers more 
closely, we solve the Poisson’s equation for field distribution at the interface of two n-type (p-
type) layers with specified band offsets. The details of the calculations are discussed in the 
Methods Section. To account for the constraints (see Eq. 8) on the charge transfer, we limit the 
calculations to the distance from the interface where the electron (hole) concentration in perovskite 
CBE (VBE) is equal to the concentration of electrons (holes) transferred to the ETL (HTL). Results 
of the modeling are shown in Fig. 3. The charge transfer stabilizes BANDs in the donor (acceptor) 
configuration, pinning the Fermi energy close to the perovskite CBE (VBE) on the ETL (HTL) 
side. Therefore, the electron (hole) transfer forms an n-type (p-type) layer next to the ETL (HTL) 
with the intrinsic region in between and the device acquires all the characteristics of the n-i-p solar 
cell with the open circuit voltage (Voc) determined by the perovskite band gap
37.   
Previous attempts to explain the formation of an n-i-p structure in perovskite films assumed 
diffusion of defects; donors to the ETL side and acceptors to the HTL side of the device38. The 
attractiveness of this model was that conceptually it could account for other observed effects such 
as hysteresis and poling induced junction formation. The main drawback of the diffusion model is 
that it is not obvious what is the driving force for the defect separation and n-i-p junction formation. 
Also, it requires unrealistically fast, reversible, room temperature mass diffusion over significant 
distances in a polycrystalline material. The BANDs model has all the advantages of the 
diffusion model without the need for any mass diffusion. The formation of the n-type or p-type 
layer is associated with a local defect relaxation into donor-like or acceptor-like configuration 
driven by an excess of holes or electrons at the ETL or HTL side of the PV device. 
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The results in Fig. 3 indicate that the location of the perovskite CBE (VBE) relative to the Fermi 
energy does not significantly depend on the band offsets or the defect concentration as long as the 
defect concentration at the ETL (HTL) interface is larger than the perovskite conduction (valence) 
band density of states. These results explain why the Voc of perovskite PVs is largely independent 
of the location of the CBE of ETL and VBE of HTL. However, as is seen in Fig. 3 the shape i.e. 
the height and the width of the interface barrier depend on both band offsets and the total BAND 
concentration. Figure 3(c) shows the calculated barrier height (ETL) and barrier width (wn) as 
functions of the BANDs concentration. As expected, the height of the barrier is increasing with 
increasing band offsets whereas the width is increasing with increasing band offsets and decreasing 
BANDs concentration. This has important consequences for the solar cell performance as the 
series resistance for electrons transferring across the barrier is strongly dependent on the barrier 
height and the barrier width39 which, as is seen in Fig. 3(d), depend on the concentration of BANDs 
indicating that any change in the net donor concentration will result in a significant change of the 
perovskite/ETL contact resistance. However, the effects will be less pronounced at large defect 
concentrations where the interface barrier resistance is small relative to other contributions to the 
total series resistance of the PVSC. 
The discussed above mechanism of the n-i-p PVSC formation requires a sufficient electron (hole) 
transfer from perovskite to the ETL (HTL). This necessitates large enough concentration of 
BANDs in the perovskite absorber and sufficiently high density of unoccupied states in the ETL 
(HTL) to support a charge transfer large enough to pin the CBE (VBE) to the Fermi energy. Thus, 
if the concentration of BANDs close to the interface with ETL (HTL) is too low, the highly 
defected layer at the interface is too thin or the density of unoccupied states in the CBE (VBE) of 
ETL (HTL) is too low then the concentration of transferred electrons (holes) will not be high 
enough to pin the perovskite CBE (VBE) to the Fermi energy. This will result in a PVSC with 
lower Voc, larger barrier and thus also larger series resistance. Another important conclusion that 
can be drawn from the results in Fig. 3 is that although the Voc is not sensitive to the location of 
the CBE (VBE) of ETL (HTL) the actual thickness and the height of the interfacial barrier and 
thus also the series resistance for the charge collection depends on the band offsets between charge 
transporting layers and the perovskite band edges. Also, it is important to note that the charge 
transfer can be affected by the presence of the interface charge, which can affect the shape of the 
interfacial barrier. It will be discussed in the following section of interface charge effect. 
The dynamic nature of the formation of n-type (p-type) layers at ETL (HTL) interface makes the 
performance of perovskite solar cells sensitive to any process affecting the charge transfer between 
perovskite and ETL (HTL). A straightforward explanation for the origin of the hysteresis effects 
and the UV induced degradation of perovskite based solar cells will be explored in the flowing 
sections.   
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Figure 3  Calculated dependence of the CBE energy for two different concentrations of BANDs and two different 
band offsets between perovskite and the ETL, 0.3 eV (a) and 0.7 eV (b). (c) Dependencies of the barrier height 
(ETL), barrier thickness (wn) and the energy separation between perovskite CBE and the Fermi energy (EC min) on 
the BANDs concentration. (d) Band diagram of the complete perovskite solar cell structure, with an effective n-i-p 
configuration, n for two different concentrations of BANDs. 
 
I. Effects of the interface charge 
In the BAND model for the perovskite PV formation, we have assumed that there is no additional 
charge at the interfaces of perovskite and charge transporting layers. However, as is well known, 
the presence of dangling bonds at the interfaces produces additional charge that pins the Fermi 
energy at the EFS. Figure 4 shows the calculated band diagram for the case of perovskite/ETL 
interface with charge density required to pin the Fermi energy at EFS located at -4.9 eV below the 
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vacuum level. It is seen that for the case of 0.3 eV band offset, adding the interface charge increases 
the barrier height (Fig. 4(a)). This, in turn, will increase the series resistance and have a detrimental 
effect on the PV performance. This effect can be mitigated by reducing the band offset. Thus, as 
is illustrated in Fig. 4(b), a very favorable band alignment with a very small barrier is realized for 
the zero-band offset between perovskite and ETL. In this case the formation of the n-type layer in 
the perovskite is associated with charge transfer to the depletion layer in the ETL.  
 
 
Figure 4 Calculated band structure for the perovskite ETL interfaces with and without interface charge. (a)  
For the 0.3 eV perovskite/ETL band offset case (i.e. CBEETL = -4.2eV), adding the interface charge density sufficient 
to pin the Fermi energy at EFS (solid lines) increases the barrier at the interface compared with the case of no interface 
charge (dotted lines). (b) A greatly reduced barrier height is found in the case of zero CBE band offset (i.e. 
CBEETL = -3.9eV) and the interface charge density sufficient to pin the Fermi energy at EFS. In this case, an almost 
ideal contact between perovskite and ETL is formed for a BANDs density of 1019 cm-3 
 
II. Origin of Hysteresis Effects in Perovskite Solar Cells 
Hysteresis in the current voltage (J-V) characteristics is one of the salient and routinely observed 
features of perovskite-based PVs40-42. The simplest form of hysteresis manifests itself as a 
dependence of the shape of J-V curves on the voltage scanning direction and the scanning rates43. 
Thus, as has been shown in numerous papers, scanning of the external voltage from the short 
circuit current (Jsc) to open circuit voltage (Voc) conditions (forward bias) yields a poorer 
performance than scanning from Voc to Jsc (reverse bias)
38,44-46. The most evident and always 
observed cause of this difference is a reduced fill factor for the forward scans compared with 
reverse scans. The detrimental effects of hysteresis on PVSC performance have led to numerous 
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studies of this effect. It has been shown that the magnitude of the hysteresis observed in J-V 
characteristics depends on the scan rate, temperature and the perovskite/ETL interface design.  
The reactions 5a to 5f (main text) describing formation of the n-type layer on the ETL side and 
equivalent reactions for the formation of a p-type layer on the HTL side correspond to a PV device 
illuminated under open circuit conditions. In order to understand the origin of the hysteresis, we 
note that, as is shown in Fig. 3(a) and (b), the formation of the n-type layer close to ETL results in 
a barrier and thus also electrical resistance for electron transfer from the perovskite absorber to the 
ETL. Under the open circuit condition, there is no current and thus there is no potential drop across 
the barrier. However, the barrier and the interface resistance make a difference when the device 
operates under the short circuit conditions with the maximum current Jsc or under any conditions 
with a significant current density. Thus, as is schematically shown in Fig. 5(a) the Jsc photo-current 
will result in a potential drop, VI across the interface barrier resistance. The change in the 
potential partially reverses the electron transfer between the perovskite and ETL by reversing the 
directions for the reactions 5. 
     𝑒𝑃𝑉𝑆𝐾 ⟵ 𝑒𝐸𝑇𝐿      (9a) 
     𝐷0 ⟵ 𝐷+ + 𝑒𝑃𝑉𝑆𝐾     (9b) 
     𝐴0 ⇐ 𝐷0      (9c) 
     ℎ𝑃𝑉𝑆𝐾 + 𝐴
− ⟵ 𝐴0     (9d) 
     ℎ𝜈 ⟵ 𝑒𝑃𝑉𝑆𝐾 + ℎ𝑃𝑉𝑆𝐾     (9e) 
 
Figure 5 Mechanism of the photocurrent induced reverse charge transfer resulting in an increase of the 
interfacial barrier width and series resistance. a) Photocurrent induced potential drop transfers electrons from the 
ETL to perovskite (reaction 9a). b) The electron neutralizes a BAND donor (9b), c) The neutral donor transforms into 
neutral acceptor configuration (9c). Ionization of the acceptor produces a negatively charged acceptor and a hole in 
the valence band (9d). The hole recombines with an electron in the conduction band (9e). The process replaces 
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positively charged donor with a negatively charged acceptor reducing the net positive charge in the depletion region 
leading to a thicker, higher interface barrier and higher series resistance.    
The above reverse reactions result in a new equilibrium with increased concentration of negatively 
charged BAND acceptors (reactions 9c and 9d) that compensate BAND donors reducing the 
effective concentration of the positive charge in the depletion layer adjacent to the ETL. However, 
as is evident from Fig. 3, a smaller net charged donor density in the depletion region leads to higher 
and thicker barrier for electron transport to the ETL and thus also higher series resistance.   
The overall conclusion of this analysis is that the series resistance and thus also the shape of a 
perovskite PV J-V curves depend on the initial bias conditions for the J-V scan. Therefore, as is 
shown in Fig. 6, the increase of the barrier width and the series resistance under short circuit 
conditions will lower the fill factor and degrade the performance for the forward scan from Jsc to 
Voc. In contrast, illumination of the device under open voltage conditions transfers electrons back 
to the ETL and reduces the barrier. Consequently, the device will show improved performance 
with larger fill factor for the reverse scan from to Voc to Jsc. The discussed above mechanism 
provides a straightforward explanation for the effects of bias conditions during light soaking on 
the performance of a PVSC47, where it has been clearly shown that a forward bias scan decreases 
and a reverse bias scan increases the fill factor (see Fig 7 of reference 14). Also, it explains why 
hysteresis effects depend on several factors such as J-V scanning rates, temperature, concentration 
of BANDs and band offsets. For example, as is shown in Fig. 1(b) the transformation between 
donor and acceptor BAND configuration requires thermal excitation over the configurational 
barrier meaning that the reaction represented by 9c and thus also the hysteresis effect are thermally 
activated and can be suppressed at low temperature. This observation is in excellent agreement 
with experimental data indicating that the hysteresis effects are rapidly decreasing with decreasing 
temperature48. 
The above discussion helps to understand and provides justification for the methods used to reduce 
or even eliminate the hysteresis in J-V characteristics. The lower fill factors for the forward J-V 
scans originate from an increase in the barrier height and thickness and thus also the series 
resistance for the scans starting from Jsc bias conditions. This is especially critical when the 
concentration of defects is low and/or the defected layer is too thin and the corresponding band 
edge is only weakly pinned to the Fermi energy. In such case any back-charge transfer and reduced 
effective space charge in the depletion layer occurring during Jsc bias will result in a significant 
change of the interface barrier for the charge collection and thus also larger series resistance.  
Devising a structure that has a thick layer with a high concentration of BANDs will result in a 
strong pinning of the band edge to the Fermi energy making the contact resistance less sensitive 
to a reduction of effective BAND donor concentration at the interface. The above arguments 
provide an explanation for the experimentally observed reduction of the hysteresis in the PVSC 
device structures with mesoporous TiO2 ETL compared with devices with planar TiO2 ETL
44,47. 
The mesoporous structure greatly enlarges the perovskite/TiO2 contact area and thus also electron 
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transfer from perovskite to TiO2. Consequently, the whole thick mesoporous layer becomes n-type 
with the CBE strongly pinned to the Fermi energy and with a low interface resistance making the 
structure much less sensitive to the back-charge transfer under Jsc bias.  
 
 
Figure 6 Schematic representation of the hysteresis effects in a PVSC.  (a) Under nonzero current conditions the 
potential drop at the interface transfers electrons from the ETL to the perovskite layer resulting in (b) partial 
transformation of BANDs from donor to acceptor configuration results in lower depletion charge density, thicker 
barrier, larger series resistance and degraded J-V characteristic for Jsc to Voc scan. (c) Illumination under open circuit 
(zero current) condition transfers electrons back to ETL restoring the original shape of the interface barrier shown in 
(d) leading to improved J-V characteristic for Voc to Jsc scan. 
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III. Ultraviolet Light Induced Perovskite Solar Cell Degradation  
It has been found very early that an exposure to the UV radiation degrades properties of the PVSC 
structures with TiO2 ETLs
49-51. Originally this effect has been entirely attributed to photo-
degradation of TiO2
52. However, in a most recent study, it was shown that under strictly controlled 
environmental conditions, the initial phase of the UV induced degradation of the PVSC 
performance is optically reversible through illumination with the solar spectrum photons53. It was 
also shown that a permanent, irreversible degradation associated with photoelectrochemical 
reactions in TiO2 occurs for the UV exposure times longer than 200 hrs. Here we show that the 
BAND model provides a simple and elegant explanation of the initial, optically reversible UV 
degradation of perovskite solar cells. 
The UV degradation process schematically shown in Fig. 7, is described by the sequence of 
reactions, 
ℎ𝜈(𝑈𝑉) ⟶ 𝑒𝐸𝑇𝐿 + ℎ𝐸𝑇𝐿    (10a) 
𝑒𝐸𝑇𝐿 ⟶ 𝑒𝑃𝑉𝑆𝐾      (10b) 
𝑒𝐸𝑇𝐿 + ℎ𝐸𝑇𝐿 ⟶  ℎ𝑣
∗     (10c) 
     𝑒𝑃𝑉𝑆𝐾 + 𝐷
+ ⟶ 𝐷0     (10d) 
     𝐷0 ⇒ 𝐴0      (10e) 
     𝐴0 ⟶ 𝐴− + ℎ𝑃𝑉𝑆𝐾     (10f) 
     𝑒𝑃𝑉𝑆𝐾 + ℎ𝑃𝑉𝑆𝐾 ⟶  ℎ𝑣
∗    (10g) 
            
Note that the PVSC degradation process is again associated with a release (10g) of the electronic 
energy stored at the interface. The recombination of electrons and holes represented by reactions 
(10f) and (10g) can occur through a radiative or non-radiative channel. The final result of the 
reaction chain 10a to 10g is the transformation of one of the positively charged donors into a 
compensating negatively charged acceptor leading to lower net concentration of the positive 
charges in the perovskite depletion layer at the TiO2/perovskite interface. This, in turn, leads to a 
thicker barrier and higher series resistance resulting in a degraded performance of the PVSC that 
primarily manifests itself in a reduction of the fill factor53. This is in excellent agreement with 
experiments showing that in an initial stage (up to 200 hrs) an UV illumination results in a 
pronounced increase of the series resistance and reduction of the fill factor but does not 
significantly affect the short circuit current and open circuit voltage.   
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 Figure 7 UV induced degradation of a PVSC with TiO2 ETL.  (a) Illumination with UV light produces electron-hole 
pair in the n-type TiO2 (reaction 10a). The photoexcited electron transfers to the perovskite (10b) and the hole diffuses 
away from the interface and recombines with an electron in n-type TiO2 (10c).  (b)  The electron transferred to the 
perovskite neutralizes a BAND donor (10d) that transforms to the neutral acceptor configuration (10e). (c) Ionization 
of the acceptor produces a negatively charged acceptor and a free hole (10f). The hole recombines with an electron 
(10g). (d) This leads to reduced concentration of a positive charge in the depletion layer resulting in a thicker barrier, 
larger series resistance and smaller fill factor. The sunlight induced recovery follows the reactions 5a to 5f  for the 
light induced n-type layer formation. 
The sunlight induced recovery of a UV degraded cell is easy to understand based on the previous 
considerations of the light induced charge transfer and formation of the n-type layer next to the 
TiO2 ETL under open circuit condition. According to the reactions 10a to 10f the original n-type 
layer with the Fermi energy strongly pinned to the perovskite CBE is restored when the sunlight 
excites electron hole pairs in the perovskite. It should be noted that illumination with the sunlight 
spectrum extending from UV to infrared excites electron hole pairs in both TiO2 ETL and the 
perovskite. Therefore, under the solar spectrum illumination the cell performance is determined 
by a balance between degradation induced by UV photons absorbed in TiO2 and recovery induced 
by lower energy photons absorbed in the perovskite. The UV induced degradation can be 
eliminated by utilizing ETL with a larger energy gap, outside the solar spectrum. This is supported 
by a recent work in which it was shown that replacing of TiO2 with larger gap SnO2 greatly 
improves the initial stability of perovskite PVs54. 
 
Conclusion 
We have developed a model of hybrid organic-inorganic perovskite solar cell operation. The model 
is based on a resonant interaction between free carriers and a system of bistable amphoteric defects. 
The nature, donor or acceptor, and the concentration of the defects is directly dependent on the 
Fermi energy and thus also charge carrier concentration. Charge transfer between the perovskite 
and electron and hole transporting layers affects the free charge distribution and produces a 
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dynamic n-i-p junction in the perovskite absorber. The open circuit voltage, Voc of the device is 
determined by the perovskite band gap rather than the band offsets between charge transporting 
layers. The dynamic nature of the junction makes the perovskite solar cell susceptible to external 
perturbations. The model of the cell operation explains observed hysteresis of J-V characteristics. 
It also accounts for the reversible UV induced degradation of perovskite cells with a TiO2 electron 
transport layer. The more general significance of our work is that we have identified a material 
system in which defects not only determine materials properties but also play a central, 
indispensable role in the device operation. In a forthcoming paper we will show that the presence 
of BANDs on surfaces and in the bulk have far reaching consequences for understanding optical 
and transport properties of the bulk perovskite materials, including poling effects, balanced 
charged transport and excitation intensity dependent photoluminescence.  
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